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SUMMARY

Tests were made of 18 shear webe”wlth round lighten-
ing holes having 45° flanges. The purpose of the tests was
to extend the ran~e of a previdug investigation to larger
ratios of hole diameter to web depth and of web depth to
web thlckneee. Simple empirical formulas are given for the
strength and the stiffness of shear webs; these formulas
incorporate the res”ults of tho previoue Invastigatlon.
Desiga charte ara aleo giv~n to facilitate the +ppllcatton
of th3 results. “
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As.part of a general investigation on shear webs, a
number of wabs with flanged, round lightonlng”holes had been
tasted and an empirical formula for the strength of the webs
had been obtained (rafarb~co l).l Although the number of spoc-
Imone was fairly lnrg3, tho ranga of some of the varlablea
was qulto limited in comparison with the rango that might bo
possiblo in actual construction. In the.development of:tho “
strength formula, an attempt was med~ “to compensate for this
inndequncy of the toet dcta by conaldaring limiting cases in
or&er to find a formula that “might” glvo reasonable accurncy
when extrapolntod beyond the teet. range. In:vlew of the-
narrow range over which the formula was actually verified,
however, It wae considered desirable to make .at least a small
number of teets of webe having larger ratios of hole diameter .
“to web depth and of web depth to web t.h~ckness.

. . .“.
The Bell Aircraft Corp. , whiah had contr”lbuted the epec-

imene for the original investigation, cooperated by furnishing
the spscimens for this extenelon” of the work.
.—-. — ----—--—— -—— -———

?The data oontainea in this report supersh”de the part of

‘k:’e”mreference 1 ~ealtng with we>n having li~htenin~ holes with



2

sYMBdLs

!Che symbols used in the present report are contained
In the following list. All lengths are expressed In Inches:
all stresees, in kips per square inch; and all loads, in kips.

D

L

P

Pav

“Pa

Pall

Pcoll

Pcr

s

v

b
1

0

~?

h

Le “

t

v

Vo

T

oloar diameter of hol~

length of spacimon

any load aoting on shear wob in jig

average value of collapsing load

load at which permanent set was measured

allowable load suggested for use in design

load causing collapse of specimen

load causing buckling :

transverse s~ear force on web

volume of web material per inch run, cubic Inches
per inch

hole spacing, center-to-center

length of space between holes (b-D)

flat portion of length c

depth of web (rivet line to rivet line)

effective length of solid web

thickness of web

factor for shear stiffness at any load within
elastic range

factor for initial shear stiffness

shear stress
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Th

‘T=”
c3r

T~
or

Tcoll

.

cr.itloal! shear stress (theoretical)

ehear stress oausing collapse of a long plate of
width e and thickness t (from curvee for
Tooi~ in fig. 3)

shear etreea oauelng eollaptae of a long plate of
width h and thickness t (from curves for
Tcoll in fig. 3) . .

. .

critical shear stress 0$ a long plate of width
c. and thlcknees t, assuming supported edges
(from ourve for 7C= in fdg. 3)”

critical shear stretas of a long plate of width
h and thlckhese t, nssuming supported edges
(from ourve for 7~r in fig. 3)

shear stress causing collapse of .a we~~ With a
perforated web, the etresa is based on the
&JrOBB eection. Unless the stress in a per-
forated web is specifically d~signnted ox-
perihentnl, the stress calculated by formula
(4) is meant.

kav’ ‘all correction factors
.

TEST PROCEDUZUI

*

L

Test speoimenso- !l!heimportant dimensions of the test
dpecimdns are given in tables 1 and 2. The material of all
specimens was 24S-T aluminum alloy. !l!heflanges around the
holee were .the manufaotureris standard flanuea of nominally
45°: the ratio of the clear diameter of a h~le to the root-
diameter was about 0.9, The standard shape of speoimen
chosen is shown in figure 1. On some speolmens, the flanges
at the. ends of the specimen were relnfo”roed by riveting a

,- strip of 0.125-inch steel to them.
.

“9 Test Jig.- The test jig was the ona described in refer-
ence 1; The method of attaching the specimens to the Jig

~
was modified, however, .~n that the specimens were not bolted
between the heavy load~zig.bars of the Jig. Inetead, two

1 steel strips 0,125-inoh thick were bolted between the two
sete of loading bars In sqch’ a manner that a “1-inoh width of
each strip was left exposed. The speoimens overlapped these
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ex~oaed widths of the steel- strips and were riveted to
them. !Che photograph of the teet setup (fig. 2) shows
theee and other detaile.

“ LoadinR procedure.- Small loads were applied to the
specimen and the jig waa adjuated until the dial gagee on
the two eide8 of the ~peaimen gave approximately equal read-
ings. On most specimens two test runs were made, the first
one to an arbitrarily selected load to check for the exist-
ence of permanent set, the seeond one to the load at which
the specimen oollapsed. Dial gage readings were taken at
eaah Increment of load uatil the rate of deformation be-
oame exobssive. . -

TEST RitSUL!CS

Cheek tests on. so-lid wabs.- The loa”d-displacement curves
obtained. in the previous inv~stigation had shown large irregu-
larities that wore attributed to play in tha bolt holes (refer-
enoe 1), Tho change from bolted attachment to riveted attaoh-
mont was made partly to alleviate this difficulty. For the
purpose of comparing the two. methods of attachment, three
webs without holes were tested. The dimonslons of these webs
and the test results are gtven in table 2. In agreement with
the method of calculation used in reference 1, the effective
length Le of the specimens was taken as

Le=L-~

for the computation of the collapsing stresses. The stresses
designated calculated are based on the empirical curves for
T~oll given in fi&e 3? The ratios of expkritmental to oal-

eulated strength for the thr”ee check tests are higher than -
the average ratios devel~ped in the tests of reference 1, but
they are about equal lo the highest ratios developed in those
teetso

.
The load-dleplacement curves are shown in figure 4; thay

are free from the Irregularities found in many of the teets
of referenoe 10 “ The loada. at which the ourves.depart from
the atralght link agree. closely with the.loade. at which the
first buckles were observed. The critioal”loads thus defined
experimentally fall between .the critical loads.c~leulated b~
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. . . s$anda.rd.formulas for flat plates with supported edgaa and
with clamped edges, respective-l-y. At loads ‘bel-cwthe crit-
ical, the observed displacement.e agree with the calculated
dlsplacaments within the probable error of reading the dial
gages, “

“Method of evaluating tests of perforated veb6.- Zt will
he assumed In the analysis of the tast data that there Is no
Inef-fectlven.ess “at the ends of” the shear webs. This al3SUlllp-

tiozi probablz represents the actual conditions l? the test
spaoirnens fairly wello because all speclmons had flanged ends.,
The assumption of no ineffoctivenssa Is conservative; whereas
any assumption of ineffective ends, suoh “as was made. In- refer-
ence 1, may be unconeervative. (Note that this statement
applies only when allowable stresses are being der$ved from
teet results: in ktrese analysis, the opposite would be truem)

Load-displacement curves and qhear-stiffness factorsY-
The load-displacement curves ~f all specimens with lightening
holes are presented In figure 5. It ~ay be noted that no -
irregularities appear In these curves; this fact tends to con-
firm the belief that the irregulerltiee found In tha tests of
reference 1 were caused by play in the bolt holes+

The shear displacement of a perforated web may be cal-
culated by the etandard formula for shear displacement of
a solid web if the actual thickness of the web Is replaced”
by a reduced effective thickness. P2he reduction factor, or
efficiency factor, designated by q, may be obtained exper-
imentally. Because the load-displacement diagram deviates
from the initial straight line at the.cr$tical load that
oauses buckling of the sheet between perforations, It is
necessary to give separate factors for the Initial stiffness
at. low loads and for the stlffnesses at high loads, 1P anal-
ogy with the elastio modull, the stiffnesses at tilgh loads may
be defined by tangente to the load-displacement curve or by
secant8m Only the definition by sqcants will be used in
this paper.

The experimental factors for Initial shear stiffness,
defined by the straight-line parts of the load-deformation
diagrams, oan be represented fairly well by empirical formula

(1) “

,, . - . -.—— ——
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In.figure” 6 “are show? the ratios of the eqerlmentsd factors
to the factors oalculatod by this formula. !l!hemaJorlty”of
the test points fall within a*16 percent scatter band, but
there appears to be a slight decrease In the factor as the
ratio h/t inoreasea. .

The lnlti.al shear stiffnesp iri.maintained until the
critical lo-ad 18 reached: as the load passee the, cr~tical
value and buckles form, the shear stiffness hegtps to de-
creaee, “ Of practical intereet in etreas analysis 36 the
shear stlffnese at the design yield load. Z!xperlmental “
valu”es were obtained from the load-deformatlun curves for
an assumed design yield load equal to two-thirds “the allow-
-,able.l.oaddefined by @quation (8) , which appears later. I’ig-
ure 7 indicatem that a generally conaerv~ttye eotimatm of the
shear-stiffness factor at the design yield load, or at any

. . other load 1? within the elastic range, may be obtained by
the .f”ormulti

“(2)

. .

. The critical loads used to establish tha points on figure 7
were calculated.by formula (3), given in the following section.

AttOntlon is called to the”narrow range of p/pc Over
which formula (2) has -been verified: fthg formula shou d not
be used too far be~ond this range. ..

Critical 10de=

. .

The critical load at which buckling
begins between the perforations was determizied by ~nsppction
and is indicated. by “E+circla on each diagram of figure 6,
It”may be noted that tho critical load dete-rmined In”this
manner agrees fairly well with the load at”whlch tho.load-”
displacement dlagraq departs from the initial straight line.
The critical load can be reprosentod by the empirical formula

,.. ‘Cr=‘t[Thcr(1- 3-+“cr:] + .“ “ (3)

The critical lohd cal~ulctdd by this formula is indicated on
each diagram by a “horizontal line. The calculated load is

high for a number of opocimens; but, because this discrepancy
may be explained by lnck of initiel fl&tness and beonuse the
practical importance of tho critical load is slight, no
attempt was made to Improvd the formula.
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.- Oollapfaing load.-. The-experimental collapsing loads
are given in table 1. The analys~s””of the tests ”-showod
that-a new formula was needed h~cause the empirical formula
for collapsing etress, developed In reference 1, becomes o
vOry unconservativa for larga valuee of hf t and of D/h.
It was found that the strasses can be represented approx3-
qately by the formula

T-=[T+@i~)+Tcfl%. (4)

The strees givan by formula (4) is the stress on the grose
section. Tha strase on the nat section hetwaen holes Is
obtalndd by amitting tno factor c~/b from tho formula.

Tho ratioe of tho experimental strasscs to the strcssos
calculated by formula (4) are plotted in figuro 8 agalnet the
ratio hft. The ratio of experimental to calculated stress
apparently decreases somewhat as the ratio h/t Increaees;
the decrease can probablx be explained largely br the diffi-
culty of producing flat specimens as the ratio h/t increasas.

Figure 8 may be used to derive correction factors k
for the shear strass Tcoll as indicated by the curves kav

and kall. Curve kfv represents a correction factor ln-
tendad to make formu a (4) reprasent tha average of tho test
data and is glv~n b-; the equation

kav =
[
1

- ‘“’ (*)’]
(5)

CurVe ‘al 1 represents a correction factor intended to give

a conservative allowable load for daslgn purposes and Is
given by the equation

k
all

= (0.85 - 0.0006 h/t)

The equation

Pav = kav Lt7 Coil

(6)
,.

(7)
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gives an average value of the oollapslng
equation

Pall = kall LtTCOll

load, ~nd the

(8)

giveia a- conservative allowable vfiluo of the collapelng lo~dm

Inspection of figure 8 Bliowsthat most test points
fall within a *15 perctint soatter band about the curve rep-
resenting kav, with all distinot Hmi&sesfi falling above the
band. The stresses Th and In equation (4) are based

‘o
on the empirical curves of figure S. A otxdy of the data
on which figure 3 is based and of tha check tests presented
in table 2 indicates that the curves of figure 3 may be
conservative by more than 30 percent. A scatter band of
*15 percent width Indicates, therefore, that formula (7)
represents the tests of p~rforat~d wats as well as the
accuracy df the basic curves of ?iguro 3 will permit-

Inspeotlon duriag tha last sta~es of the tests, after
the dial gages had bean removed, gave the impression that
some specimens deformed much moro than others before colw
lapsing. This observation indioatee that the termination of
the useful life of a specimen niRht be defined better by the
load-die?lacement curve than b~ the collapse of the specimen.
A tentative app~lcation of this method was made by defining
the useful ultimata load by the intersection of the load-
displacement curve with a secant from the origin having a
slope equal to one-third the slops of the Initial tangent.
The value ~one-thirdn was chosan to maka tha definition
applicable to all tasts. The slope used was determined by
the specimen with the smallaet deformation. The loads defined
by the seoants average about 9 percent lower than the col-
lapsing loads. The Interesting point, howevar, is the scatter
from the mean of the ratios of the experimental loade to the
loads calculated b~ formula (7). When the collapsing loads
wbre used, the average deviation from the moan wae 0.12; when
the loads determined by the eecants wero used, the nvcrage
deviation from the mean was o=ly 0.07, in spite of the fact
that some of the load-displacement curves had to ba extra-
polated.

Eevised analyeis of previous etren~th tests.- The tests
on webs with flanged holes described in reference 1 were
reanalyzed for comparison with the new formulas. The r~s~lt~
of the analysis ara plottad in figure 9 and show %hat~ foz
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L!”specimens with reamed holes, formula (5) represents the
..

1

“average -fairly well, and formula (6) g3ves conservative
values for design. Of the specimens with drilled holes, “

m.
a few fall below the design curve, which suggests that the
allowable loads given by formula (8) should be.reduced some-

3 what when the web is attaohed by bolts that may develop play.

?

I
Design charts.- In order to.faoilltate.the applioatlon

of the formula for allowable load, a eet of dasign charts is
preserited in figure 10. The charts are bas~d on formula (8),-
but for convenience the running shear load S/h = Pall/L i8
plotted rather than the shear load Itself.

I If the depth, the thickness, and the hole diameter of.a
web are held fixed while the hole spacing is being varied,
one certain hole spacing will be found to give a maximum
strength-weight ratio of the w“eb (reference 1). Pigure 11
Is a design chart, based on the assumption that the optimum .
hole spacing Is usad. The lines of constant weight drawn
on this chart are almost horizontal, which Indicates that the .
strength-weight ratio Is nearly Independent of the holo sizo
for a web af given depth and given strength. Over a llmltod
region, the lines Qf constant weight have a definite upward
slope at large valuee of D/h, wilich indicates that the
strength-weight ratio is improved somewhat if t“he largest
possible hole is used. This gain should be balanced against
the accompanying loss in shear stiffness.

Permanent se&.- Checks for permanent set were made on
15 specimens, as listed in table 1. In order to be of maximum
value, these ohecks should have been made fat loads correspond-
ing to the design yield loads, that is, at 0.67P~ or slightly

r higher, depending on the design requirements chosen. It Wa8,

1

not possible to predict Pull
?

at the time the tests wer”e
being made, and it was dos red to avoid damage to the specl-

. mens by the set tests. The lends chosen .for the set tests,
therefore, were in general lower than 0.67PR11; as table 1
shows, however, only two tests out of 15 were more than 20
percent below 0,67Pall, and six tetits were above this value.
No permanent set was faund in any specimen, a fact tending to
oonflrm the view that the permanent set in the specimens of
referenoe 1 was caused largely by slip In the bolted Joints.
A study of the &v’i’hl’able”eyidenoe indioa$es that the sh6ar
stress In the net section batween perforations may be a
praotioal criterion for estimating the permanent set, but
the evidenoe is insufficient to allow quantitative oonolusions,

:.
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DISCUSSION OF.FORUUIIAS . .

The teats presented in this paper, together with the
testO of referenoo 1, cover a range of parameters approxi-
mately aO follows:

0.15 < D/h < 0.75

2 < b/D< 2,6 for D/h ~ 0.15 an~ 1,5 < b/D< 2.6 for D/h>O.3

45 < h/t < 300

0.14 <“c/h < 1,4

The formulas given for the ~tlffness and the strengh of
perforated webs ehould be applicable an this range, The
coverage ie much lees complete in the range of the new tests
(0.5 < D/h <0.75: 150< h/t C 300); some caution should”
therefore be used in thie rcngo.

A study of formula (4) when the parameter approach
limiting values Indicatee that the formula probably becomes
conservative in two limiting cnsee; webs with large holesi
spaced far apartm and webs with emall holes closely spaced~
The second case ma~ be dismissed as of small practical in-
terest, but the first case is of some use. Tormula (4) gives
for thie case (I?/h+ 1; c .>> h)

c1
‘Coil = ‘c ~

The correct value evidently is

T
c1

Coil ‘Thy

provided that ineffectiveness at the ende of each eegment is
neglected, an assumption that may be interpreted ae requiring
roughly C ~ 10h. Specimen 5 with c/h = 1.4 gave close
agreement between exporlmental and calculated strength. Con-
sequently, the consarvativaneee of formula (4) indicated by
consideration of tho limiting case o>>h should not be
expected to exist until the ratio c/h is far above 1.4.

It should be remem”bored that the tast webs were attached
to flangee of vary groat stiffnos8. Actual webs may be
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attached. to flanges of low stiffness &nd strength and
ape.oial.oonslderation must -be-gi”v~n to this factor when
neaemsar~, partloularly when the ratio D/h Is large.
When the holes are l~rge, it may become necessary to rely
en the attachment flanges to carry part of the shear aarose
the region of the holci; the strength and stiffness of the
structure will then depend not only on the properties of the
web but also on the properties of the attachment flanges.

COIICLUSIOI?S

The most important conoluslons drawn from the analysis
of the tests on shear webs with flanged, round lightening
holes are as follows:

1. The strengths of the webs may bo related to the
strengths of solid unetiffened webs by a eimplo empirioal
formula. Tho accuracy of the strength prediction Is about
equal to the acouracy of the fitrength prediction for solid
unstiffanod w~bs, which ie bas~d on empirical curves.

2. The shaar etlffneseas of the webs may be prodiotod
by simple empirical formulas with ~bout the same degree of
accuracy as the strengths.

3. Shear webs designed for a given ultimate load by
the proposed design formula will probably chow no permanent
set at the de~lgn yield load unlese the shear Btreas over the
net section between holee is about equal to the yield stress,

Attention Is directed to the fact that the results apply
d~ectly only when the flanges to which the webs are attaohed
are not highly stressed by the shear force In the web. Spe-

1
cial consideration must be given to webs with large holes and

i

I

weak attachment flangee.

1
Langley Memorial Aeronautical Laboratory,

~ational Advisory Committee for Aeronautics,
Langley held, Va. ,

RETERENCZ

II “ 1. Kuhn- Paul: The Strength and Stiffness of Shear webs
with and without Lightening Holes. MACA A.R.R.D
June 1942,



TABLE i

PERFORATED SHEAR WEBS

12

Dirrmsbns of Spec”inens I
5peunm 1-

(a) $63 & (i:) (i:) 0:.) (i:.) (’:)

4.02 2.63 4.38 I.75 1.38
; 33.25 .0320 4.02 Z.63 4.75 2.12 1.75
4 40.25 .0526 406 2.63 5.75 3.12 .2.75
5 !3775 .Md4 4.05 2.63 8.25 5.62 5,31
6 4025 .0203 5.CU 3.c@ 5.75 2.25 I.75
7 42.00 .0324 5.02 3.50 2.50 2.00
8 42.88 5.08 3.50 ::Z 2.63
9 45.50 :E 5.00 3.53 6!50 3.00 2:L
10 52.50 .C619 5.0.2 3.50 750 4.00 350
II 49.00 .0200 6.02 4.50 7.00 2.59 2.00
12 49.00 .0327 6.02 4,50 7.00 2.50 Z.m
13 52.50 .0406 6.00 4.50 7.50 3.00 2,50
14 54.25 .0510 6.05 4.50 7.75 3.25 2.75
Is 57.75 .061I 6.05 4.50 8.25 3.75 325
16 54.25 .03U 10.C5 4.50 7.75 3.25 2.75
17 %,25 ,0383 10.00 4.50 7.75 3.25 2.75
18 58.00 .0539 10.03 4.50 8.cXl 3,50 3,00
19 56.00 .0613 lclo6 4.50 8.00 3.50 3.00

I

a .5pec,men 3 not tested. ~

TABLE Z

SOLID 5t-iEAR‘A’EB5

Specimen Le t h Rdl Ep C+C. &
Cole.

(in.) (in.) (in) (kips) (kiisl qiq :kipsh h;

21 63.56 (20343 5.03 26.90 I Z.33 8.33 I .48
Zz 63.13 .035 I 6.oO 20.80 9.40 7.08 1.33
23 6 f.06 .0344 10.00 11.30 5.38 4.14 1.30
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Figure 2.- Test jig in operation.
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